Objectives: To investigate Aeromonas spp. isolates for the presence of the novel resistance gene mcr-3 or variants thereof and to characterize the positive isolates by whole genome sequence analysis.
Introduction
The polypeptide antibiotic colistin was introduced in 1959 into human clinical use, but has been rarely used in human medicine because of its nephrotoxicity and neurotoxicity. 1 Due to the lack of novel antimicrobial agents there has been a renewed interest in reviving older antimicrobial agents, particularly those with activity against MDR Gram-negative bacilli, such as colistin. Some Gram-negative bacteria, including Escherichia coli, Salmonella enterica, Klebsiella pneumoniae, Pseudomonas aeruginosa and Acinetobacter baumannii, develop resistance to colistin by acquisition of resistance, whereas other bacteria, such as Proteus spp., Serratia spp. and Burkholderia spp., are intrinsically resistant to colistin. 2 Acquired resistance was mainly due to chromosomal mutations and alternative metabolic pathways, resulting in a variety of LPS modifications, such as modifications of lipid A with phosphoethanolamine and 4-amino-4-deoxy-L-arabinose, up-regulation of efflux pumps, the formation of capsules and overexpression of the outer membrane protein OprH. [2] [3] [4] Although phenotypic resistance to colistin had been described a long time ago, such resistance was chromosomally encoded and hence spread entailed either de novo emergence or clonal expansion of resistant isolates. 1 The situation, however, changed in late 2015 when the first transferable colistin resistance gene, mcr-1, was detected. 5 During the first 6 months after the description of mcr-1, numerous reports identified this gene in a variety of Enterobacteriaceae from humans, animals and environmental sources all over the world. 1 Meanwhile 10 variants of this gene, designated mcr-1.2 to mcr-1.11, have been described, which code for proteins that differ 7 Most recently, a third mcr gene, mcr-3, has been identified in porcine E. coli from China. 6 While mcr-1 and mcr-2 are believed to originate from Paenibacillus spp. and/or Moraxella spp., 7,9,10 mcr-3 may originate from Aeromonas spp. 6 Besides the original mcr-3, other variants of this gene have been identified, including mcr-3.2 from E. coli of bovine origin in Spain, 11 mcr-3.3 from an Aeromonas veronii isolate from retail chicken meat in China, 12 mcr-3.4 from a human Shigella sonnei in Thailand (GenBank accession number NQCO01000074.1) and mcr-3.5 from a clinical E. coli isolate from China. 13 Database searches identified the mcr-3.3 gene also in Aeromonas caviae from lake water in Malaysia, in Aeromonas hydrophila from human peritoneal fluid in Malaysia and in an Aeromonas media isolate of unknown origin. 12 The aim of the present study was to screen Aeromonas isolates from Germany for the presence of mcr genes or variants thereof and to investigate the positive isolates by whole genome sequence analysis for the genetic environment of the mcr genes.
Materials and methods

Bacterial isolates
The test collection included a total of 465 Aeromonas spp. isolates of fish origin (free-living fish, commercially reared fish and ornamental fish) collected between 2005 and 2011 in the German national resistance monitoring programme GERM-Vet and provided by the Federal Office of Consumer Protection and Food Safety (BVL), Berlin, Germany. Fourteen additional Aeromonas spp. isolates from diagnostic samples, submitted to the Institute of Microbiology and Epizootics, Freie Universität Berlin, Berlin, Germany, were also included. These isolates originated from fish (n " 6), cattle (n " 2), horses (n " 2), a human (n " 1), a cat (n " 1), a flying fox (n " 1) and a turkey (n " 1) and were isolated between 2004 and 2012. These 479 isolates represented all Aeromonas isolates so far available from the GERM-Vet programme and from diagnostic submissions to the Institute of Microbiology and Epizootics.
Antimicrobial susceptibility testing (AST), screening for mcr genes and species confirmation AST of all isolates was conducted by broth microdilution. AST of fish isolates followed the recommendations given in the CLSI document VET03/VET04-S (Second Edition), 14 while AST of the remaining isolates followed the CLSI document VET01-S (Third Edition). 15 All 479 isolates were screened by PCR for the presence of the genes mcr-1, mcr-2 and mcr-3 using previously published primers. 5, 6, 8 The isolates that were positive in the PCR assays were subjected to analysis of the genes encoding 16S rRNA, gyrB and rpoB, for species identification according to Küpfer et al. 16 
DNA extraction and WGS
Genomic DNA of the four PCR-positive Aeromonas isolates was extracted from 1 mL of a BHI bouillon (Carl Roth, Karlsruhe, Germany) that was incubated for 16 h at room temperature. DNA isolation was conducted with the Epicentre MasterPure TM DNA Purification Kit according to the manufacturer's recommendations (Epicentre, Madison, WI, USA). DNA libraries were prepared using the Nextera XT Library Preparation Kit (Illumina, San Diego, CA, USA) according to the manufacturer's recommendations. Sequencing was performed on the Illumina MiSeq (Illumina) platform with an approximately 80-fold coverage. The 300 bp paired-end reads were de novo assembled into contigs using MIRA 4.0. 17 The sequences were annotated using the RAST annotation server (http://rast.nmpdr.org/). The sequences were analysed using Geneious v10.1.3 software. 18 Alignments of the Mcr-3 proteins were performed using the Geneious Alignment at default settings. The unrooted trees were generated using the Geneious Tree Builder, with a neighbour-joining method and Jukes-Cantor as the genetic distance model. The sequences were also analysed using the web tools ResFinder and PlasmidFinder. 19, 20 Plasmid DNA was prepared according to the method of Kado and Liu. 21 Plasmid bands, cut off from the agarose gels, served as targets for mcr-specific PCR assays.
Conjugation and AST of the transconjugants
The colistin-resistant A. media strain IMT29879 was used as the donor strain, while the sodium azide-resistant E. coli strain J53 served as the recipient. For the conjugation assay, overnight cultures of both strains were mixed in a ratio of 1:4 (donor:recipient). The mixture was centrifuged at 3800 rpm for 15 min and the pellet resuspended in 15 lL of cold 0.9% NaCl solution and then spotted on an LB plate (Carl Roth). The plate was incubated at 37 C for 6 h. After incubation, the re-grown bacterial mixture was resuspended in 1 mL of cold 0.9% NaCl solution and dilutions (10 #1 to 10 #7 ) were plated onto Mueller-Hinton agar plates (Carl Roth) containing the appropriate antimicrobial selections (200 mg/L sodium azide, 2 mg/L colistin or both) and incubated at 37 C overnight. The presence of mcr-3 variant genes in the obtained transconjugants was confirmed by PCR using both the total DNA and the isolated plasmid as templates. The plasmid DNA was obtained from the transconjugants using the PureLink V R HiPure Plasmid Filter Maxiprep Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. The resistance phenotype of the transconjugants was determined by broth microdilution as described previously.
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Nucleotide sequence accession numbers
GenBank accession numbers for all mcr-3 variants studied in this work are as follows: IMT43045 mcr-3.6 (MF598076); IMT29879 mcr-3.7 (MF598077); IMT42448 mcr-3.8 (MF598078); IMT42645 mcr-3.8 (MF598079); and IMT42645 mcr-3.9 (MF598080).
Results and discussion
mcr-positive Aeromonas isolates
Neither mcr-1 nor mcr-2 genes were detected, but 4 (0.84%) of the 479 Aeromonas isolates were positive for mcr-3 genes ( Table 1) . Three of them originated from ornamental fish [koi carp (Cyprinus carpio) and golden orfe (Leuciscus idus)], while the remaining isolate was from a turkey (Meleagris gallopavo). These isolates were assigned to the species Aeromonas allosaccharophila, A. hydrophila, Aeromonas jandaei or A. media and were isolated in 2005, 2006, 2008 and 2012, respectively ( Table 1 ). As such, these four Aeromonas isolates appear to be up to 10 years older than the isolates from China, in which mcr-3 and mcr-3.3 genes have been identified, 6, 12 suggesting that genes belonging to the mcr-3 group have existed in Europe for at least 12 years.
mcr-3 variant genes
Sequence analysis identified a total of five genes of the mcr-3 group in the four isolates. Further analysis revealed that all five genes had the same size of 1626 bp and coded for proteins of 541 amino acids. However, comparisons of the deduced amino acid sequences of the five genes to one another and to the Eichhorn et al.
currently known Mcr-3 variants showed that they represented four novel Mcr-3 variants, which were designated Mcr-3.6 to Mcr-3.9. The corresponding genes were designated mcr-3.6 to mcr-3.9, respectively (Table 1 Figure 2(a) . Most of these amino acid substitutions were classified as conservative substitutions. Seven of the eight non-conservative substitutions (all except Asp41Tyr in Mcr-3.6) were also found in Mcr-3.3, which was shown to confer colistin resistance. 12 The MICs of colistin were low at 4 and 8 mg/L for the isolates from the golden orfe and the turkey carrying Mcr-3.6 or Mcr-3.7, respectively. In contrast, the two isolates from koi carps showed distinctly higher MICs. Isolate A. hydrophila IMT42645 harboured, besides the mcr-3.9 gene, an additional copy of the mcr-3.8 gene on a different contig (Table 1, Figure 1 and Figure 2b ). Whether this accounts for the high MIC of colistin of 128 mg/L remains to be answered. More likely is that the two isolates from koi carps harbour, besides the mcr-3 variant genes, additional chromosomal mutations that contribute to the high colistin MICs. No plasmids could be detected in three of the four isolates, suggesting that the respective genes mcr-3.6, mcr-3.8 and mcr-3.9 might be located in the chromosomal DNA. This was confirmed by the analysis of the large contigs of A. hydrophila IMT42645 carrying either mcr-3.9 or mcr-3.8. In contrast, A. media IMT29879 carried two plasmids of approx. 8 and 180 kb; the latter one harboured the mcr-3.7 gene. Conjugation assays and AST confirmed the functionality of the mcr-3.7 gene in E. coli since a distinct increase in the colistin MIC, from 0.5 mg/L (recipient strain) to 8 mg/L (transconjugant), was observed. The incompatibility groups of the plasmids harboured by A. media IMT29879 could not be identified with PlasmidFinder using the whole genome sequences as targets. 20 Analysis of the mcr-3 flanking regions WGS identified the mcr-3 variant genes on contigs of 133 322 bp (mcr-3.9 in A. hydrophila IMT42645), 41 511 bp (mcr-3.8 in A. hydrophila IMT42645), 4801 bp (mcr-3.7 in A. media IMT29879), 5526 bp (mcr-3.8 in A. jandaei IMT42448) and 4639 bp (mcr-3.6 in A. allosaccharophila IMT43045). The GC content of the whole genome sequences of the four mcr-3-positive strains varied from 58.4% to 60.8%, while the GC content of contigs or the surrounding regions harbouring the mcr-3 variant genes ranged from 42.3% to 46.8%. This observation indicated that the mcr-3 variant genes are not part of the indigenous genomes of the respective Aeromonas spp., but are likely to represent acquired genes. In-depth analysis of the mcr flanking regions of the various contigs revealed that, similar Eichhorn et al.
to the original mcr-3 in plasmid pWJ1, the dgkA gene, coding for a diacylglycerol kinase involved in lipid recycling during phospholipid turnover, was present immediately downstream of the mcr-3.9 gene of A. hydrophila IMT42645 and the mcr-3.7 gene of A. media IMT29879 (Figure 2b ). In the remaining contigs, mcr-3-like genes were located between the mcr-3 variant gene and the downstream dgkA gene. This arrangement has been described before in the mcr-3.3-carrying contig of the chromosomal DNA of A. veronii 172. 12 The mcr-3-like genes identified in our study showed identities of 98.9% to 99.5% to the mcr-3-like gene of A. veronii 172, which has been shown to be unable to confer colistin resistance. 12 Various complete or truncated IS elements, including ISEcp1, ISAeme4, DISAeme5, DIS50R and truncated IS elements of the IS3, IS5 and IS30 families, have been found in close proximity to the novel mcr-3 variant genes and may play a role in the mobility of these colistin resistance genes (Figure 2b) .
In summary, four novel variants of the novel colistin resistance gene mcr-3 have been identified in Aeromonas isolates from fish and a turkey. In accordance with the description of mcr-3.2 from Spain, 11 the present report suggested that mcr-3 variant genes are present in different parts of the world. Moreover, the oldest isolate in the present study dates back to the year 2005 suggesting that genes of the mcr-3 group have been present for at least 12 years.
